Evaluation of immunohistochemical markers to detect the genotoxic mode of action of fine and ultrafine dusts in rat lungs  by Rittinghausen, Susanne et al.
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Data  on  local  genotoxicity  after  particle  exposure  are crucial  to  resolve  mechanistic  aspects  such  as the
impact  of  chronic  inﬂammation,  types  of  DNA  damage,  and  their  role  in  lung  carcinogenesis.  We  estab-
lished  immunohistochemical  methods  to  quantify  the  DNA  damage  markers  poly(ADP-ribose)  (PAR),
phosphorylated  H2AX  (-H2AX),  8-hydroxyguanosine  (8-OH-dG),  and  8-oxoguanine  DNA  glycosylase
(OGG1)  in parafﬁn-embedded  tissue  from  particle-exposed  rats.  The  study  was  based on  lungs from
a  subchronic  study  that was  part  of  an already  published  carcinogenicity  study  where  rats  had  been
intratracheally  instilled  with  saline,  quartz  DQ12,  amorphous  silica  (Aerosil® 150),  or  carbon  black
(Printex® 90)  at monthly  intervals  for  3 months.  Lung  sections  were  stained  immunohistochemically
and  markers  were  quantiﬁed  in alveolar  lining  cells.  Local  genotoxicity  was  then  correlated  with  already
deﬁned  endpoints,  i.e.  mean  inﬂammation  score,  bronchoalveolar  lavage  parameters,  and  carcinogenicity.
Genotoxicity  was  most  pronounced  in  quartz  DQ12-treated  rats,  where  all  genotoxicity  markers  gave sta-
tistically  signiﬁcant  positive  results, indicating  considerable  genotoxic  stress  such  as  occurrence  of  DNA
double-strand  breaks  (DSB),  and  oxidative  damage  with  subsequent  repair  activity.  Genotoxicity  was
less  pronounced  for Printex® 90, but signiﬁcant  increases  in  -H2AX-  and  8-OH-dG-positive  nuclei  and
OGG1-positive  cytoplasm  were  nevertheless  detected.  In contrast,  Aerosil® 150  signiﬁcantly  enhanced
only  8-OH-dG-positive  nuclei  and  oxidative  damage-related  repair  activity  (OGG1)  in cytoplasm.  In the
present  study,  -H2AX  was  the  most  sensitive  genotoxicity  marker,  differentiating  best  between  the
three  types  of particles.  The  mean  number  of  8-OH-dG-positive  nuclei,  however,  correlated  best  with  the
mean  inﬂammation  score  at the  same  time  point.  This  methodological  approach  enables  integration  of
local  genotoxicity  testing  in  subchronic  inhalation  studies  and  makes  immunohistochemical  detection,
in  particular  of  -H2AX  and  8-hydroxyguanine,  a very  promising  approach  for local  genotoxicity  testing
in  lungs,  with  prognostic  value  for  the  long-term  outcome  of particle  exposure.. IntroductionCarcinogenicity studies have demonstrated that long-term
xposure to various respirable micro- and nanoscale particles
MNP) can induce lung tumors, in particular in the rat model
Abbreviations: -H2AX, gamma-H2AX; 8-OH-dG, 8-hydroxyguanosine; ANOVA,
nalysis  of variance; BAL, bronchoalveolar lavage; DSB, DNA double-strand breaks;
DH, lactate dehydrogenase; MNP, microscale and nanoscale particles; NO, nitric
xide; OGG1, 8-oxoguanine DNA glycosylase; ONOO , peroxynitrite anions; PAR,
oly(ADP-ribose); PARP, poly(ADP-ribose) polymerase; PMN, polymorphonuclear
eutrophils;  RNS, reactive nitrogen species; ROS, reactive oxygen species.
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edicine  ITEM, Department of Pathology, Nikolai-Fuchs-Str. 1, 30625 Hannover,
ermany.  Tel.: +49 5115350310; fax: +49 5115350155.
E-mail address: susanne.rittinghausen@item.fraunhofer.de (S. Rittinghausen).
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(Safﬁotti and Stinson, 1988; Wiessner et al., 1989; Donaldson
and Borm, 1998; Muhle et al., 1989; Nikula, 2000; Roller, 2009).
Especially the surface characteristics of poorly soluble parti-
cles predominantly determine the carcinogenic potential of MNP
(Oberdörster et al., 2005; Dufﬁn et al., 2007), as they do not act
as single molecules, but more likely in a physico-mechanical or
physico-chemical way.
Different genotoxic modes of action could explain the car-
cinogenic potential of particles in the lung in non-overload and
overload situations. Possible genotoxic mechanisms of MNP  in vivo,
as summarized earlier by Knaapen et al. (2004), seem to comprise
indirect (secondary) mechanisms that are phagocytosis- and/or
Open access under CC BY-NC-ND license.inﬂammation-driven, but also directly particle-related (primary)
genotoxic modes of action. Release of reactive oxygen (ROS) and
nitrogen (RNS) species either by (i) oxidative burst of phago-
cytes, (ii) disturbance of the respiratory chain, (iii) activation of
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OS-/RNS-producing enzyme systems, or (iv) reactive particle sur-
aces with subsequent oxidative DNA damage is thought to be of
rincipal importance. However, translocation into the nucleus and
hysical interaction with genomic DNA is also being discussed as
utative genotoxic insult, in particular for nanoparticles.
Various genotoxicity endpoints have been used to evalu-
te the diverse hypotheses on the mechanistic principles of
article-induced tumor development, as reviewed in several recent
ublications (Gonzalez et al., 2008; Landsiedel et al., 2009; Schins
nd Knaapen, 2007; Singh et al., 2009). Nevertheless, knowledge
bout the in vivo situation is still insufﬁcient. To enlarge the body
f knowledge, new experimental approaches are highly needed. In
he present study, we therefore investigated whether local DNA
amage in particle-exposed lung tissue can be detected and quan-
iﬁed in situ with immunohistochemical methods. One advantage
f this approach is the possibility to use parafﬁn-embedded lung
issue from previous studies. In the present study, we used lung
issue from 3-month satellite groups of an existing carcinogenicity
tudy, where animals had been exposed to particles by intratra-
heal instillation of high doses of crystalline silica (quartz DQ12),
arbon black (Printex® 90), or amorphous silica (Aerosil® 150). A
ariety of parallel data on histopathology, inﬂammation, toxicity,
nd tumor incidences enabled assessment of the feasibility and
nformative value of the approach.
A panel of genotoxicity markers with different degrees of infor-
ative value was  chosen to enable identiﬁcation of the genotoxic
odes of action in alveolar lining cells predominantly consist-
ng of epithelial cells, as target cells of lung tumor development.
he well-established genotoxicity markers poly(ADP-ribose) (PAR),
hosphorylated H2AX (-H2AX), 8-hydroxy-2′-deoxy-guanosine
8-OH-dG), and 8-oxoguanine DNA glycosylase (OGG1) were
elected for immunohistochemical detection and quantiﬁcation in
he available lung tissue samples. PAR is a posttranslational pro-
ein modiﬁcation that has been used as a general, overall marker of
enotoxic stress (Bürkle, 2001). Its synthesis reﬂects an early cel-
ular reaction to DNA single- (SSB) or double-strand breaks (DSB).
dditionally, PAR is involved in the regulation of cell division and
ell cycle progression (for review, see Hakmé et al., 2008) and plays
 role in inﬂammatory processes in asthma and other lung diseases
Virág, 2005). Gamma-H2AX is a phosphorylated core histone vari-
nt phosphorylated after DSB induction (Rogakou et al., 1998) and
-H2AX-containing foci seem to correlate directly with the num-
er of DSB (Sedelnikova et al., 2002). In addition, -H2AX formation
lso occurs during apoptosis (Sluss and Davis, 2006), but neverthe-
ess can be used as a sensitive genotoxicity marker (Watters et al.,
009). 8-OH-dG, a well-characterized oxidative DNA base lesion,
s an important and well-established marker of oxidative stress
Kasai, 1997). It is probably the most mutagenic oxidative DNA base
odiﬁcation (Shibutani et al., 1991) and is commonly found in lung
umors (Husgafvel-Pusiainen et al., 2000). Because of the hypoth-
sized importance of oxidative stress for the genotoxic potential
f particles, the base excision repair protein OGG1 was  chosen as
 second marker of oxidative DNA damage. OGG1 is involved in
ecognition and excision of 8-OH-dG in both nuclear and mitochon-
rial DNA if mispairing with cytosine occurs (Dianov et al., 1998;
buratani et al., 1997). OGG1 thus indicates oxidative stress-related
NA repair capacity. Interestingly, mutations or polymorphisms of
he OGG1 gene (Chevillard et al., 1998; Mambo  et al., 2005) as well
s low OGG1 activity (Paz-Elizur et al., 2003) seem to be strongly
ssociated with an increased risk of lung cancer. Besides PAR and
-H2AX, our study thus aimed at quantitative detection of these
xidative stress markers to evaluate one hypothesized principal
echanism for the genotoxic potential of MNP.
Improving the immunohistochemical methods for reliable
n situ detection and quantiﬁcation of different types of DNA dam-
ge in parafﬁn-embedded lung tissue would enable re-evaluationgy 303 (2013) 177– 186
of existing inhalation and instillation studies with MNP  and also
integration of local genotoxicity testing in new in vivo, in particu-
lar subchronic toxicity studies and also carcinogenicity studies. It
is of special interest in this context whether such a methodological
approach would be of prognostic value for the long-term outcome
of particle exposure.
2. Materials and methods
2.1. Lung tissue for immunohistochemical detection of genotoxicity markers
For  immunohistochemical detection and quantiﬁcation of DNA damage in lung
tissue, we  used existing parafﬁn-embedded lung tissue samples from the German
Federal Environment Agency (Umweltbundesamt, UBA)-funded project entitled:
“Pathogenetische und immunbiologische Untersuchungen zur Frage: Ist die Extrap-
olation der Staubkanzerogenität von der Ratte auf den Menschen gerechtfertigt?”
(FKZ 203 61 215). Samples of the 3-month study part (satellite groups) were selected,
as a period of 3 months seemed long enough to guarantee particle-driven perpetual
chronic inﬂammation in the lungs.
These lung tissue samples offered the unique possibility to correlate the data on
local genotoxicity of repeatedly intratracheally instilled particles (Tables 1 and 2)
in the lungs of female Wistar WU rats [strain: Crl:WI(WU)] three months after the
ﬁrst and one month after the last instillation with parameters such as tissue inﬂam-
mation (at the same time point), tumor incidence (in a lifetime study), and speciﬁc
pathological ﬁndings (Ernst et al., 2002, 2005; Kolling et al., 2008). The samples had
originally been embedded for histology and immunohistochemistry and had a ﬁx-
ation time of 24 h. The corresponding histopathology data of the 3-month samples
were published by Ernst et al. (2002).
2.2. Particle characteristics and particle administration
In the original carcinogenicity study, the biological effects of inﬂammatory doses
of  crystalline silica (quartz DQ12), carbon black (Printex® 90), and amorphous silica
(Aerosil® 150) had been compared. The origin, preparation, and properties of the
particles used in the 3-month study part and in the carcinogenicity lifetime study
are given in Table 1, besides details on preparation of the particle suspensions. At
the  time of the original study (end of last century), the physico-chemical character-
ization of particles, in this case nanoscale particles in an aqueous suspension, was
generally poor. Data on hydrodynamic particle diameters or  potential are thus
missing. Nevertheless, the approach already aimed to achieve an effective disper-
sion of particles in saline by stirring. Being aware of the agglomeration problem
with nanoscale particles an ultrasonic treatment of 10–30 s was included. Based on
today’s knowledge and the dispersion characterization, the dispersions will have
had  mean agglomerate sizes of about 300–500 nm.
For  details on treatment groups, numbers of investigated animals, and dosing
regimes, see Table 2. Animals were exposed to the particle suspensions by intra-
tracheal instillation. Due to the completely different focus of the original study,
however, aimed at inducing comparable grades of chronic inﬂammation for all three
granular dusts, mass doses of the three particle types in the subacute, subchronic
and  chronic study parts were not identical (see Table 2). The administered mass
doses thus depended on known particle characteristics. Quartz DQ12 (highly reac-
tive  crystalline silica, triggering progressive lung injury) and Printex® 90 (carbon
black) are poorly soluble dusts, whereas amorphous silica (Aerosil® 150) is a non-
biopersistent dust that is eliminated relatively fast (half-life in rats approx. 1 day;
rat study by Fraunhofer ITEM, 1999) and triggers acute toxicity but only tempo-
rary inﬂammation in the lung. Printex® 90-treated animals received three times
higher particle mass doses in the 3-month study part than silica-treated animals
(quartz DQ12 and Aerosil® 150). Consequently, correlations regarding expression of
the  genotoxicity markers between Printex® 90-treated animals and animals treated
with the other particle materials were limited. However, quartz DQ12 and Aerosil®
150 were instilled at the same doses and intervals, thus enabling material-based
direct comparison of the data. As the ratios of doses of the different dusts also varied
between the 3-month and lifetime study parts, correlations of genotoxicity marker
expression and tumor data could be evaluated only with certain restrictions.
2.3. Immunohistochemical detection of genotoxicity markers
For immunohistochemical detection of the chosen genotoxicity markers in lung
tissue, 3-m parafﬁn sections were cut from the lung material, using one block
of the left lung lobe for each animal, and were mounted on glass slides. Parafﬁn
sections were then dewaxed and subject to DNA hydrolysis with 4 N HCl  and the
corresponding antigen retrieval methods, which had been validated for each of the
primary antibodies.
The primary antibodies used comprised protein A column-puriﬁed mouse
monoclonal antibody 10 H (generous gift from Prof. A. Bürkle, University of Kon-
stanz, Germany) for detection of PAR, a rabbit polyclonal antibody directed against
-H2AX (phospho S139) as DSB marker (Abcam, Cambridge, UK, ab2893), mouse
monoclonal antibody N45.1 against 8-OH-dG (Abcam, Cambridge, UK, ab48508), and
rabbit polyclonal anti-Ogg1 antibody (Novus Biologicals, Littleton, USA, NB100-106).
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Table  1
Properties of the three investigated dusts and preparation of particle suspensions.
Particle Crystalline silica
Quartz DQ12
Amorphous silica
Aerosil® 150
Carbon black
Printex® 90
Identity Dörentrup quartz, ground quartz
sand, milling no. 12,
Bergbauforschung Essen, Dr.
Armbruster (1985)
Fluffy white powder, hydrophilic
fumed silica, CAS # 112945-52-5,
ex. 7631-86-9, EINECS #
231-545-4, Degussa (1984)
Fluffy black powder, high color
furnace black, CAS # 1333-86-4,
Lot # 8313101, Degussa (1994)
Average primary particle size,
arithmetic mean (nm)
1300 geometric mean, mass
weighted; 560 geometric mean,
number weighted
14 14
Speciﬁc surface (BETa) (m2/g) 1.5 150 ± 15 Approx. 300
Densityb (g/m3) 2.2 2.2 1.8–1.9
Preparation of particle suspensions to
be administered by intratracheal
instillation
Dispersion liquid: physiological
saline (0.9% in H2O)
Dispersion liquid: physiological
saline (0.9% in H2O)
Dispersion liquid: physiological
saline (0.9% in H2O); detergent:
TWEEN 80® (polyoxyethylene
sorbitan monooleate)
General procedures Homogeneity of the particle suspensions was optimized by ultrasonic treatment for 5 min; suspensions were then
kept  homogeneous by permanent stirring during the administration period; rats were anesthetized for the
intratracheal instillation procedure using CO /O 65%/35% (v/v)
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b Speciﬁc density of the primary particles; the bulk material of Aerosil® 150 and 
Antigen retrieval was performed by protease (protease type XIV bacterial from
treptomyces griseus, Sigma, St. Louis, MO,  USA, P-5147) for PAR, -H2AX, 8-OH-dG,
nd OGG1 in a citrate-buffered solution. All slides were rinsed with Tris-buffered
aline (pH 7.6) plus 0.01% Tween® 20 (Merck KGaA, Darmstadt, Germany, 8.22184).
lides were incubated for 20 min  at 21 ◦C in normal goat serum (Vector Laboratories
nc., Burlingame, CA, USA, S-1000) and then incubated with the primary anti-
ody overnight at 4 ◦C. As secondary antibodies, a biotin-SP-conjugated AfﬁniPure
oat-anti-mouse (Jackson Immunoresearch, West Grove, PA, USA, 111-065-100)
r a biotin-SP-conjugated AfﬁniPure goat-anti-rabbit IgG (H+L) antibody (Jackson
mmunoresearch, West Grove, PA, USA, 111-065-144) was  applied for a 30-min
ncubation time at 21 ◦C.
Immunostaining was  done with a routine method using alkaline phosphatase
treptavidin–biotin (Vector Laboratories Inc., Burlingame, CA, USA, S-5100) and as
hromogen Fast Red (Fast Red substrate pack, BioGenex, Freemont, CA, USA, HK182-
K). The slides were ﬁnally counterstained with Mayer’s hematoxylin (Linaris
iologische Produkte GmbH, Wertheim-Bettingen, Germany, EGH3411). Cover slip-
ing  was  performed using Aquatex® aqueous mounting medium (Merck KGaA,
armstadt, Germany, 1.08562). Sample permeabilization, antibody concentrations,
ntibody reactions, and staining procedures were optimized for each antibody to
et clear and speciﬁc immunohistochemical signals.
.4. Image analysis and genotoxicity marker quantiﬁcation
Image analysis of the immunohistochemically stained slides was  performed
sing a digital color camera (ColorView III Soft Imaging System, Olympus Deutsch-
and GmbH, Hamburg, Germany) connected to an automated transmission light
icroscope (AX70, Olympus Deutschland GmbH, Hamburg, Germany) and the
mage analysis system AnalySIS Five® (Soft Imaging System GmbH, Münster,
ermany). Of each slide, 20 digital images were taken, using a lens with 40-fold mag-
iﬁcation. For this purpose, 5 bronchioles were randomly selected in one lung lobe
f  each rat, and 4 images were taken adjacent to these bronchioles. The regions of
nterest were identiﬁed in each image including as much intact lung tissue as possi-
le. The analyzed tissue areas were calculated by the software. Within the regions of
able  2
osing schemes: 3-month satellite test and lifetime carcinogenicity study.
Negative control Positive 
0.9% saline Crystalli
Quartz D
Subchronic 3-month study
(No. of. rats) (6) (6) 
Dose  (mg  per rat) 3a × 0.3 3a × 2 
Cumulative dose (mg) 0 6 
Carcinogenicity study
(No. of. rats) (55) (53) 
Dose  (mg  per rat) 10b × 0.3 1 × 3 
Cumulative dose (mg) 0 3 
ote: All doses induce nominal particle overload and persistent inﬂammation in lungs; ho
nﬂammation only.
a At monthly intervals.
b Every 7 days.
c Every 14 days.2 2
x® 90 consists of agglomerates.
interest, all alveolar lining cells with nuclei labeled for OGG1 and, in addition, those
cells with positively labeled cytoplasm were counted interactively on a monitor.
Nuclei or cytoplasm were counted as positive if they showed a predominantly red
staining. Those with a predominantly blue staining were considered negative and
were not counted. Macrophages and cells such as polymorphonuclear granulocytes
lying freely in the alveoli were excluded from the counts.
2.5. Data acquisition
Each image was transferred to a SIS AnalySIS FIVE database (Soft Imaging System
GmbH, Münster, Germany). In addition, all data of the image analysis were entered
into  the program and stored in this database.
2.6. Histopathological inﬂammation scoring
The methods and results of the histopathological examination have been pub-
lished elsewhere (Ernst et al., 2002, 2005; Kolling et al., 2008). The inﬂammation
score, which was correlated with the genotoxicity markers, was  based on a grading
scheme comprising ﬁve degrees of alterations (0 = none; 1 = very slight; 2 = slight;
3  = moderate; 4 = severe; 5 = very severe).
Grade 1 (very slight): <10% of lung tissue affected;
Grade 2 (slight): 11–25% of lung tissue affected;
Grade 3 (moderate): 26–50% of lung tissue affected;
Grade 4 (severe): 51–75% of lung tissue affected;
Grade 5 (very severe): 76–100% of lung tissue affected.2.7.  Statistics
2.7.1. Statistics of image analysis data
For statistical analysis, the SAS software package (release 9.1 on Windows XP
computer, SAS Institute, Cary, NC, USA) and Statistica (version 8.0, StatSoft Inc., Tulsa,
control Ultraﬁne particles
ne silica
Q12
Amorphous silica
Aerosil® 150
Carbon black
Printex® 90
(6) (6)
3a × 2 3a × 6
6 18
(54) (59)
30c × 0.5 10b × 0.5
15 5
wever, due to fast elimination of amorphous silica, in this group there is persistent
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rig. 1. Mean group data ± standard deviation (six animals per group) for -H2AX-, 8-
core  in lung epithelium after 3 months of particle exposure as well as lung tumor
he  negative control group (saline): *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.01; Dunnett’s test.
K, USA) were used. The image analysis data were imported into these software
ackages. Data were analyzed by using analysis of variance (ANOVA) as an overall
est.  If the group means differed signiﬁcantly by ANOVA, the treatment groups were
ompared with the control group using Dunnett’s test. The Tukey HSD test was used
s  another post hoc test for comparison among the different treatment groups, as
his test is not based on comparison between treatment and control. Statistical sig-
iﬁcance was  reached if p ≤ 0.05. Data were considered highly signiﬁcant if p ≤ 0.01
r  p ≤ 0.001.
.7.2. Correlations
The data for evaluation of possible correlations between genotoxicity marker
xpression and, for example, histopathology or BAL data were extracted from
he  interim and ﬁnal reports of the research projects of the German Federal
nvironment Agency (Ernst et al., 2002, 2005; Kolling et al., 2008, 2011) and
rom the raw data of individual animals of the research projects. Correlations
etween the genotoxicity markers and other study parameters such as inﬂam-
ation score and enzymatic activities or cell counts in BAL ﬂuid were calculated
sing the respective group mean values. In case of the inﬂammation score, the
ndividual animal data were additionally used for determination of correlations,
ecause the same animals were investigated for both genotoxicity marker expres-
ion and histopathologic evaluation of lung inﬂammation. The method of linear
egression/Pearson product-moment correlation (SAS [Cary, NC, USA] software
ackage Statistica or SigmaStat 3.1) was used to calculate the correlation coefﬁ-
ient (r) and the signiﬁcance of the correlation (p-value). Correlation coefﬁcients
acking statistical signiﬁcance were rated as “correlation without signiﬁcance” if
 > 0.5.-, PAR-, and OGG1-positive nuclei, OGG1-positive cytoplasm, and the inﬂammation
with lifetime post-observation after particle exposure. Signiﬁcantly different from
3. Results
3.1. Immunohistochemistry of genotoxicity markers
3.1.1. Poly(ADP-ribose) (PAR)
PAR synthesis was  determined in particle-exposed lung tissue
as a general marker for genotoxic stress. Three months after the ﬁrst
and one month after the last exposure, alveolar lining cells of quartz
DQ12-treated rats showed a statistically signiﬁcant, about 1.6-fold
increase in PAR-positive nuclei per mm2 (p ≤ 0.01, Dunnett’s test) as
compared to the negative (saline) control group (Fig. 1). An increase
in PAR-positive nuclei was also observed in the lungs of Printex®-
and Aerosil®-treated animals (both about 1.4-fold), but remained
below statistical signiﬁcance (Fig. 1). All three dusts induced com-
parable numbers of PAR-positive nuclei, irrespective of particle
type (when comparing crystalline and amorphous silica, same mass
dose) and mass dose (when comparing the two poorly soluble dusts
quartz DQ12 and Printex® 90 (Fig. 2A), the latter with a three times
higher mass dose) (one-way ANOVA with Tukey post hoc test). PAR
thus did not differentiate well between the different particle treat-
ments three months after the ﬁrst and one month after the last
exposure.
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Fig. 2. (A–D) Immunohistochemical detection of genotoxicity in lung tissue of rats treated with carbon black (Printex® 90) at the 3-month time point. Cells with labeled
nuclei  were quantiﬁed. (A) Detection of PAR as a general marker of genotoxicity. Image shows carbon black within macrophages, intraalveolar inﬂammatory cells, blue
unlabeled nuclei, and red positively labeled nuclei. (B) Detection of -H2AX as a marker of DNA double-strand breaks. (C) Detection of 8-OH-dG as a pre-mutagenic DNA
base  modiﬁcation and a marker of oxidative DNA damage. (D) Detection of OGG1 as a DNA repair enzyme and a marker of oxidative DNA damage. Image shows cells with
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PGG1-positive nuclei and/or cells with OGG1-positive cytoplasm. Labeled nuclei an
.1.2. Phosphorylated H2AX (-H2AX)
In the present study, -H2AX foci formation was quantiﬁed in
article-exposed lung tissue to monitor potentially mutagenic DSB
see Fig. 2B for representative image). Three months after the ﬁrst
nd one month after the last instillation, the lungs of Printex® 90-
nd quartz DQ12-treated rats showed statistically highly signiﬁ-
ant increases (2.1- and 2.4-fold, respectively) in -H2AX-positive
uclei per mm2 (p ≤ 0.001, Dunnett’s test) as compared to the neg-
tive (saline) control group (Fig. 1). Aerosil® 150-treated rats also
emonstrated a slight but not signiﬁcant, about 1.4-fold increase
n -H2AX-positive nuclei per mm2, but phosphorylation of H2AX
as less pronounced compared to the other treatment groups.
ne-way ANOVA with Tukey post hoc test revealed signiﬁcant dif-
erences between quartz DQ12- and Aerosil® 150- (p ≤ 0.001) and
etween Aerosil® 150- and Printex® 90-treated animals (p ≤ 0.01),
ut not between quartz DQ12- and Printex® 90-exposed rats. In
ummary, compared to PAR, quantiﬁcation of -H2AX-positive
uclei seemed to differentiate better between the genotoxic poten-
ials of the different particle treatments.
.1.3. 8-Hydroxy-2′-deoxyguanosine (8-OH-dG)
The pre-mutagenic oxidative DNA lesion 8-OH-dG was
mmunohistochemically quantiﬁed in particle-treated rat lungs
see Fig. 2C for representative image). Three months after the ﬁrst
nd one month after the last particle instillation, 8-OH-dG-positive
uclei per mm2 were highly signiﬁcantly increased by a factor of 2.7
n alveolar lining cells from quartz DQ12-exposed rats (p ≤ 0.001,
unnett’s test) as compared to the saline control group (see Fig. 1).
rintex® 90 and Aerosil® 150 also signiﬁcantly increased (bothplasm of cells were quantiﬁed separately.
p  ≤ 0.01) the mean number of 8-OH-dG-positive nuclei per mm2 in
exposed lung tissue (1.8- and 1.9-fold, respectively) as compared
to the negative controls. These data indicate that all particle types
induced some oxidative stress after intratracheal instillation into
the rat lung with subsequent oxidative DNA damage. Using the
one-way ANOVA/Tukey post hoc test, it could be demonstrated that
DQ12-treated animals exhibited a signiﬁcantly higher frequency
of 8-OH-dG-positive nuclei in alveolar lining cells (p ≤ 0.01) than
Printex® 90- and Aerosil® 150-treated animals. There was  no sig-
niﬁcant difference, however, between Printex® 90- and Aerosil®
150-treated rats.
3.1.4. 8-Oxoguanine DNA glycosylase (OGG1)
The results of immunohistochemical quantiﬁcation of OGG1-
labeled nuclei in particle-exposed rat lung tissue are shown in
Fig. 2D and summarized in Fig. 1. As compared to the nega-
tive (saline) control, only the lungs of quartz DQ12-exposed rats
demonstrated a signiﬁcant, 1.7-fold increase in OGG1-positive
nuclei per mm2 (p ≤ 0.05, one-way ANOVA, Dunnett’s post hoc test)
three months after the ﬁrst and one month after the last instil-
lation (see Fig. 1). This increase in OGG1-positive nuclei pointed
to quartz DQ12-induced oxidative stress with subsequent oxida-
tive DNA lesions. This is in line with the parallel induction of
8-OH-dG-positive nuclei (see Fig. 2C). In contrast, the frequency of
OGG1-positive nuclei in the lungs of Printex® 90- and Aerosil® 150-
treated animals was  rather decreased compared to the negative
controls.
Interestingly, all particle-treated groups, irrespective of the
applied mass doses, demonstrated highly signiﬁcant increases in
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Table 3
Correlation of data of genotoxicity marker expression with group means (n = 4) of the histopathological mean inﬂammation score (data from Fig. 1 vs. data from inﬂammation
score  histology) and with histopathological inﬂammation score of individual animals (n = 24). Data for comparison were derived from quartz DQ12-, Aerosil® 150-, and
Printex® 90-treated animals with cumulative particle doses of 6, 6, and 18 mg/rat, respectively.
Parameter
Mean inﬂammation score
PAR-positive nuclei -H2AX-positive nuclei 8-OH-dG-positive nuclei OGG1-positive nuclei OGG1-positive cytoplasm
r  r r r r
Group means (n = 4) 0.994** 0.939 0.978* 0.626 0.917
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igniﬁcant correlation: *p < 0.05; **p  < 0.01; ***p < 0.001; linear regression/Pearson p
he number of cells with OGG1-positive cytoplasm per mm2 (quartz
Q12 and Printex® 90: p ≤ 0.001; Aerosil® 150: p ≤ 0.01) as com-
ared to the negative controls (saline), but without signiﬁcant
ifferences among the three treatment groups (Tukey test). The
requency of OGG1-positive cytoplasm amounted to the 3.9-, 2.8-,
nd 4.1-fold of the negative controls for quartz DQ12, Aerosil®
50, and Printex® 90, respectively. In all cases, alveolar lining cells
isplayed a granular pattern of OGG1 in the cytoplasm, probably
eﬂecting mitochondrial expression of the enzyme.
.2. Correlations of genotoxicity marker expression data with
ther study data
.2.1. Correlations between genotoxicity marker expression and
he histopathologic inﬂammation score from the 3-month study
In a particle overload situation, inﬂammation might be a crit-
cal determinant of genotoxicity in the rat lung. Correlation of
enotoxicity marker expression with the histopathologic inﬂam-
ation score thus was of special interest. As identical animals
f the 3-month study part were used for genotoxicity marker
uantiﬁcation and inﬂammation scoring, both group mean data
nd individual animal data could be used for correlation analyses
Fig. 1). Individual animal data displayed a highly signiﬁcant cor-
elation (p < 0.001) between histopathological inﬂammation score
nd occurrence of 8-OH-dG- (r = 0.803) and -H2AX-positive nuclei
r = 0.771) and OGG1-positive cytoplasm (r = 0.675) in pulmonary
lveolar lining cells of particle-treated animals. In addition, appear-
nce of PAR-positive nuclei highly signiﬁcantly (p < 0.01) correlated
ith the inﬂammation score (r = 0.554), whereas OGG1 expres-
ion in nuclei displayed no correlation (see Table 3). This is in line
ith ongoing ROS production and oxidative DNA damage/repair
uring inﬂammatory processes. Using the group means for calcula-
ion of correlations, the histopathologic inﬂammation score highly
igniﬁcantly correlated with the number of PAR-positive nuclei
p < 0.01; r = 0.994) and signiﬁcantly with the number of 8-OH-dG-
ositive nuclei (p < 0.05; r = 0.978). Gamma-H2AX-positive nuclei
r = 0.939), OGG1-positive cytoplasm (r = 0.917), and OGG1-positive
uclei (r = 0.626) showed correlations without signiﬁcance (see
ig. 1 and Table 3). Differences in r-values and signiﬁcance levels
able 4
orrelation of data (group means; n = 4) of genotoxicity markers with group means (n = 
ata  of BAL leucocytes, BAL polymorphonuclear granulocytes, BAL -glutamyl transferase
et  weight). Data for comparison were derived from quartz DQ12-, Aerosil® 150-, and P
espectively.
Parameter PAR-positive nuclei -H
nucl
r r 
BAL -glutamyl transferase [U/l] 0.907 0.99
BAL  alkaline phosphatase [U/l] 0.677 0.74
BAL  lactate dehydrogenase [U/l] 0.877 0.99
BAL  leucocytes [number/ml] 0.779 0.85
BAL  polymorphonuclear granulocytes [number/ml] 0.826 0.94
BAL  total protein [mg/l] 0.821 0.98
Lung  wet  weight [g] 0.906 0.99
igniﬁcant correlation: *p < 0.05; **p  < 0.01; linear regression/Pearson product-moment c.803*** 0.300 0.675***
t-moment correlation.
between the two modes of calculation were expected, because by
using individual animal data a higher number of data points (n = 24
vs. n = 4 for group means) is included and thus higher variance
can occur, resulting in lower r-values. Using the individual animal
data, however, high signiﬁcance levels were found because of direct
correlation of genotoxicity marker expression and histopatholog-
ical score of identical animals. In summary, detection of both the
oxidative damage product 8-OH-dG and the DNA repair activity
product PAR correlated well with particle-induced inﬂammation,
even when comparing only group mean data.
3.2.2. Correlations between genotoxicity marker expression and
bronchoalveolar lavage (BAL) data from the 3-month study
Genotoxicity marker expression in rat lung tissue samples was
compared with BAL data of the same treatment groups (see Table 4
with data of Ernst et al., 2002). The BAL data revealed severe inﬂam-
mation in the lungs: PMN  percentages were approx. 40% in the
quartz DQ12 and amorphous silica groups and even 66% in the
carbon black group. Absolute values were 5.5 × 106, 0.3 × 106, and
2.5 × 106 PMN/ml BAL ﬂuid and thus all dramatically increased as
compared to saline controls (2 × 103 PMN/ml).
Gamma-H2AX formation demonstrated a highly signiﬁcant cor-
relation (p ≤ 0.01) with indicators of cell death such as -glutamyl
transferase, lactate dehydrogenase (LDH), and lung wet weight. Sig-
niﬁcant correlation (p ≤ 0.05) was also observed with total protein
data. Interestingly, there was  no signiﬁcant correlation of 8-OH-dG,
PAR, or the nuclear and cytoplasmic labeling of OGG1 with any of
the BAL endpoints (see Table 4). However, r-values indicated puta-
tive correlations without reaching signiﬁcance, probably due to the
fact that group mean data had to be used for correlation instead of
individual animal data.
3.2.3. Comparison of genotoxicity marker expression with
histopathologic examination from the carcinogenicity study
To get an impression of the prognostic value of the present
methodological approach, tumor incidences from the carcinoge-
nicity study (Kolling et al., 2011) were compared with genotoxicity
marker expression in the 3-month study part. Results from these
analyses, however, have to be interpreted with care, as dosing
4) of bronchoalveolar lavage (BAL) data of the 3-month study (data from Fig. 1 vs.
, BAL alkaline phosphatase, BAL lactate dehydrogenase, BAL total protein, and lung
rintex® 90-treated animals with cumulative particle doses of 6, 6, and 18 mg/rat,
2AX-positive
ei
8-OH-dG-positive
nuclei
OGG1-positive
nuclei
OGG1-positive
cytoplasm
r r r
4** 0.854 0.540 0.946
0 0.497 −0.062 0.906
6** 0.833 0.573 0.917
8 0.875 0.937 0.610
4 0.875 0.842 0.737
3* 0.774 0.554 0.886
8** 0.861 0.569 0.935
orrelation.
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egimens differed in particle mass. While in the 3-month study part
valuating genotoxicity marker expression, quartz DQ12, Aerosil®
50, and Printex® 90 were administered at a ratio of 1 (6 mg):1
6 mg):3 (18 mg), the ratio in the carcinogenicity study (see Fig. 1
nd data published by Kolling et al., 2008, 2011) was 1 (3 mg):5
15 mg):1.67 (5 mg), intended to induce comparable inﬂammation
cores for the different particle species.
Nevertheless, comparison of the mean group data of genotoxic-
ty marker expression in alveolar lining cells with the group means
f the carcinogenicity study revealed similar patterns for tumor
ncidences (based on a histopathological examination procedure
ith 6 slides per lung) and numbers of -H2AX- and 8-OH-dG-
ositive nuclei per mm2 of lung tissue. For PAR, OGG1-positive
uclei, and OGG1-positive cytoplasm, agreement of the respective
attern with tumor incidences appeared less striking (see Fig. 2).
With a more detailed histopathological examination using a
ultiple-step section approach with at least 60 slides per lung for
umor evaluation (Kolling et al., 2008), concordance of the data pat-
erns between marker expression and tumor incidence was  even
ore striking including, in addition, PAR-positive nuclei (data not
hown).
. Discussion
In the present study, we provided evidence that immunohis-
ochemical detection and quantiﬁcation of different genotoxicity
arkers in formalin-ﬁxed, parafﬁn-embedded rat lung tissue sam-
les is a suitable methodological approach to determine local
enotoxicity in situ in the lung after particle exposure, even in a
etrospective manner.
Up to now, only few methods are available for detecting local
enotoxicity in lung tissue after MNP  exposure, for example Comet
ssay and micronucleus assay, both of which involve certain limi-
ations regarding applicability and informative value. Comet assay,
hich mostly uses single-cell suspensions from whole lung tis-
ue, is unable to differentiate between cell types and to display
ocalization of DNA damage within the tissue. In addition, Comet
ssay requires living cells/tissue and is therefore not applicable for
etrospective studies. Micronucleus assay, on the other hand, can
heoretically be performed on ﬁxed and embedded lung tissue by
NA staining, but induction of micronuclei requires cell prolifera-
ion and is restricted to dividing cell populations. This assay thus
ight underestimate DNA damage when applied to whole lung
issue and its informative value is limited to clastogenic and aneu-
enic genotoxic effects, without identifying detailed types of DNA
amage. Oxidative DNA base lesions also cannot be detected by
icronucleus assay. Immunohistochemical in situ detection and
uantiﬁcation of genotoxic insults in ﬁxed lung tissue thus could
e a step forward in the investigation of potential genotoxic modes
f action of MNP, even in a retrospective manner, if a meaningful
anel of genotoxicity markers with different degrees of informative
alue is used.
In the present study, we therefore analyzed the applicability
f this methodological approach and the usefulness and informa-
ive value of various well known markers of genotoxic stress. As
escribed in the following, all these markers have speciﬁc advan-
ages and disadvantages, but overall, some of them are quite useful
n better understanding the processes involved in genotoxicity.
Given that particle-induced tumor development involves geno-
oxic events and based on the tumor data, one would expect clearly
nhanced numbers of PAR-positive nuclei in particle treated ani-
als, as PAR indicates an early response to DNA strand-break
nduction. In the present study, however, the increase was  statisti-
ally signiﬁcant only for quartz DQ12. One reason for the weak and
ather undifferentiated expression of PAR might be the transientgy 303 (2013) 177– 186 183
nature of PAR appearance. PAR is a short-lived polymer, with a half-
life of only a few minutes. Due to a supposed treatment-related
dynamic equilibrium of PAR synthesis and degradation (Alvarez-
Gonzalez and Althaus, 1989) the data can thus only provide a
snapshot of an ongoing process. In our study, the number of
PAR-positive nuclei highly signiﬁcantly correlated with the inﬂam-
mation score. Thus, the detected PAR synthesis most probably
represents the current degree of inﬂammation, as in inﬂamed lung
tissue ROS/RNS released, for example, by immune cells mediate
DNA damage, which in turn stimulates PAR 1 and 2 activity result-
ing in PAR synthesis (for review, see also Beneke, 2008). As this
would occur transiently due to constant repair activity and as
inﬂammation was  present in all particle-treated groups, the sen-
sitivity may  not be strong enough to differentiate the genotoxic
potential of the particle types used. Furthermore, DNA damage-
independent PARP-mediated PAR synthesis has been described also
in a growing number of physiologic and pathophysiologic functions
of the PARP/PAR system, such as regulation of inﬂammation, cell
division, cell cycle progression, and cell proliferation (see Hakmé
et al., 2008). In conclusion, PAR turned out not to be a sensitive
marker in studies with pronounced inﬂammation.
Concerning sensitivity and the potential to differentiate
between different particle treatments, the DSB marker -H2AX
was proven to be a more useful tool than PAR, and the abundance
pattern of -H2AX-positive nuclei correlated well with the tumor
incidence pattern. Gamma-H2AX-positive nuclei were highly sig-
niﬁcantly increased by both quartz DQ12 and Printex® 90, but
only slightly increased by Aerosil® 150. Clear differences in the
genotoxic potential of various particles as determined by -H2AX
quantiﬁcation were also observed by Tsaousi et al. (2010) in in vitro
experiments with alumina (Al2O3) ceramics or cobalt–chromium
metal particles. The better differentiation potential of -H2AX, as
compared to PAR, may  be due to a variety of aspects. First of all,
-H2AX foci seem to be very sensitive markers for DNA damage
(Watters et al., 2009), with one -H2AX focus representing one
DSB. Secondly, due to expanded phosphorylation of H2AX over a
megabase region of chromatin surrounding the DSB signal, ampliﬁ-
cation is observed (Sedelnikova et al., 2002). The kinetics of -H2AX
foci formation and disappearance seems to be important for its sen-
sitivity as a marker for local genotoxicity in particle-treated rat lung
tissue three months after the ﬁrst and one month after the last par-
ticle instillation. Gamma-H2AX foci rapidly accumulate after DNA
damage, continue to grow, for example, in cell lines for up to 1 h
(Banáth et al., 2004), followed by a slow decline in the number of
foci with progression of DNA repair (Banáth et al., 2004; Rübe et al.,
2010). In the study by Rübe et al. (2010), it took several hours for -
H2AX foci to disappear in lung tissue of ATM+/+ wild-type mice after
single-dose irradiation with 2 Gy. Thus, the -H2AX signal exhibits
considerably longer persistence in the nucleus than the PAR signal
with the possibility of DNA damage signal accumulation and more
precise damage differentiation. Interestingly, -H2AX was  the only
marker in the present study which signiﬁcantly correlated with cell
death markers in BAL and lung wet weight. In this context, it has
to be kept in mind that -H2AX may  also be involved in apopto-
sis and -H2AX foci may  also occur as repair intermediates and
during replication. It would thus be interesting to compare these
data with apoptosis and proliferation data of the same lung tis-
sue parafﬁn blocks. In contrast to PAR, -H2AX correlated with the
inﬂammation score only when individual animal data were used.
Probably, it is less likely that a low level of inﬂammation induced
by particle treatment results in damage-dependent -H2AX foci
formation than in DNA single-strand breaks. All in all, -H2AX was
demonstrated to be a reliably detectable and sensitive genotoxicity
marker.
8-OH-dG is a pre-mutagenic base modiﬁcation directly induced
by oxidative DNA insults. The expression pattern of 8-OH-dG in the
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article-treated animals was also somehow comparable to the pat-
ern of tumor incidence. In addition, numbers of 8-OHdG-positive
uclei correlated very well with the inﬂammation score, both when
omparing data from individual animals and group means. Cell
eath parameters measured in BAL and lung wet weight did not
igniﬁcantly correlate with levels of 8-OHdG-positive nuclei.
In summary, 8-OH-dG seems to be a suitable marker for oxida-
ive DNA damage in lung tissue due to particle exposure and
ike PAR indicates MNP-induced inﬂammation with ongoing ROS
elease. Like -H2AX, 8-OH-dG also seems to exhibit some pro-
nostic value concerning particle-dependent tumor development.
owever, as Totsuka et al. (2009) demonstrated occurrence of
ther oxidative guanine modiﬁcations than 8-OH-dG after Printex®
0 administration in gpt delta-transgenic mice, it has to be kept
n mind that 8-OH-dG is only one well characterized and easily
etectable representative of a wide panel of oxidative lesions, and
xidative DNA damage might be underestimated when using solely
-OH-dG as oxidative DNA damage marker.
In the present study, the inducible repair protein OGG1 proved
o be a more complex genotoxicity marker than PAR, -H2AX,
nd 8-OH-dG. Expression of OGG1 was noted in both nucleus
nd cytoplasm. The occurrence of OGG1-positive cytoplasm, which
howed a granular pattern, may  represent induction of OGG1
xpression in the mitochondrial compartment and may  thus
oint to compartment-related particle-induced oxidative stress.
 signiﬁcant increase in OGG1-positive nuclei and OGG1-positive
ytoplasm was noted only in quartz DQ12-treated animals. In
ontrast, all other dusts enhanced expression of OGG1 only in cyto-
lasm but not in nuclei. For the interpretation of the results for
GG1 it is important to know that OGG1 is constitutively expressed
nd can be induced as well as reduced in lung cells by toxic insults,
s for example by cadmium (Potts et al., 2003). This repression
henomenon was  observed in the early phase after intratracheal
nstillation of diesel exhaust particles, which contain a carbon black
ucleus, in the lungs of Fisher 344 rats (Tsurudome et al., 1999),
endering OGG1 a genotoxicity marker that is difﬁcult to interpret.
evertheless, OGG1 expression correlated with the inﬂammation
core, but this was signiﬁcant only when comparing identical ani-
als and for the cytoplasmic localization. Similar to PAR, OGG1
xpression in both nuclei and cytoplasm showed no correlation
ith cell death markers in BAL, but like 8-OH-dG correlated with
he respective tumor induction pattern. In summary, OGG1 is an
nteresting marker to conﬁrm inﬂammation and oxidative stress
nd to investigate mechanistic aspects concerning induction of
ntracellular oxidative stress by particles. However, it seems to
e less suited to directly differentiate the genotoxic potential of
ifferent materials at high particle doses.
Our retrospective investigation was performed using lung tis-
ue samples of rats exposed to high particle doses. The primary
oal of the original study being to induce marked inﬂammation in
he lung, only one dose level per particle type was investigated, and
his dose level was not uniform for all test items. Consequently, we
now nothing about dose response and it is difﬁcult to compare
he genotoxic potential of the three particle types. With respect
o risk assessment and further validation of the methodological
pproach, it would thus be desirable to evaluate in a future study
ore than one dose level, including very low dose levels to be able
o analyze whether genotoxicity also occurs at dose levels where
o inﬂammation can be detected.
Despite these limitations, the obtained data allow some mech-
nistic conclusions and judgments concerning the genotoxic
otential of the different particles.Secondary inﬂammation-driven genotoxic events were recently
ostulated as principal mechanism of the carcinogenic action
f crystalline silica (Borm et al., 2011). Our study supports this
ypothesis. The highly signiﬁcant correlations of genotoxicitygy 303 (2013) 177– 186
marker expression and inﬂammation score when comparing on
an individual-animal basis indicate that lung inﬂammation and
thus a secondary mechanism of genotoxicity is involved in particle-
induced DNA damage.
The pre-mutagenic oxidative DNA lesion 8-OH-dG and the cor-
responding repair protein OGG1 in the cytoplasm exhibited highly
signiﬁcant correlation rates with the histopathologic inﬂammation
score when analyzing individual animal data. Thus, ROS might be
important players in secondary inﬂammation-driven genotoxicity
of ﬁne and ultraﬁne particles at high particle doses. Mechanisms
of ROS release here may involve phagocytosis of particles by
macrophages and leukocytes with subsequent oxidative burst, but
also endocytosis of MNP  in epithelial cells (Xu et al., 2009) with
generation of ROS, for example, by iron-catalyzed Fenton reaction
or other surface-dependent reactions, disturbance or activation of
the respiratory chain (Li et al., 2007; Xia et al., 2006), interaction
with DNA and ROS production directly at the DNA backbone by
entering the nucleus (Daniel et al., 1995), or activation of ROS/RNS-
producing enzyme systems such as iNOS or cyclooxygenase-2
(Blanco et al., 2007; Xu et al., 2009) (indirect primary genotoxicity).
In this context, the data on OGG1-positive cytoplasm are in
line with an intracellular generation of ROS and/or RNS, perhaps
due to mitochondria-dependent mechanisms such as activation
or disturbance of the respiratory chain, because cytoplasm was
OGG1-positive with all particle treatments. Some studies such as
that by Xia et al. (2006) identiﬁed nanoparticles within or around
mitochondria, and Li et al. (2007) demonstrated that inhibition
of the mitochondrial respiratory chain function abrogates quartz-
induced DNA damage in RLE-6TN rat lung epithelial type II cells.
However, they could not demonstrate DNA damage using inhibitors
of the mitochondrial respiratory chain only. Mitochondria are the
major source of endogenous ROS, with much higher levels of 8-OH-
dG in mitochondrial DNA than in nuclear DNA (Souza-Pinto and
Bohr, 2002). Thus, there is need of efﬁcient DNA repair, with OGG1
being one of the major DNA repair enzymes in this compartment.
The importance of this enzyme is demonstrated by the fact that a
“mutator phenotype” with low OGG1 expression/activity seems to
be linked to an enhanced risk for lung tumor development (Paz-
Elizur et al., 2003). Mitochondria also represent a major site for
intracellular formation of and reactions with nitric oxide (NO) as a
relatively long-lived RNS. Xu et al. (2009) demonstrated production
of peroxynitrite anions (ONOO ), which are generated by reaction
of NO with SO2−•, by incubation of gpt delta-transgenic primary
mouse embryo ﬁbroblasts with TiO2 and fullerene nanoparticles.
Besides ROS, ONOO is also able to hydroxylate DNA and trig-
ger mutations and tumor development. Mitochondria are thus a
central compartment for particle-induced nitro(-oxidative) stress.
Subsequent mutations and mutations in mitochondrial DNA are
thought to also contribute to tumorigenesis. The lack of differen-
tiation between the particle types concerning occurrence might
thus most likely reﬂect the speciﬁc vulnerability of mitochondria to
particle-induced oxidative stress and thus an increased demand for
the OGG1 enzyme as main repair enzyme for oxidative DNA lesions
in these organelles.
The increase in OGG1-positive nuclei only in the lungs of the
quartz DQ12-treated group pointed to DQ12-induced oxidative
stress with subsequent occurrence of oxidative DNA lesions and
repair in the cell nucleus, which is in line with the parallel increase
in 8-OH-dG-positive nuclei. Enhanced OGG1 staining in the nucleus
might result from induced expression of OGG1, as was  seen in
the lungs of Fisher 344 rats 5–7 days after intratracheal instilla-
tion of diesel exhaust particles (Tsurudome et al., 1999), or from
redistribution of the enzyme from the cytoplasm to the nucleus,
as described by Conlon et al. (2003) under nutrient deprivation
of cell cultures, associated with oxidative stress. On  the other
hand, low OGG1 expression in the carbon black- and amorphous
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ilica-treated animals might also represent low oxidative-stress
onditions with no particle-mediated induction of OGG1, but these
nimals nevertheless demonstrated a clear increase in nuclear
-OH-dG, indicating perhaps either a lower level of 8-OH-dG induc-
ion, a different site, or different mechanisms involved in ROS/RNS
eneration as compared to DQ12.
The related patterns of marker expression and tumor incidences
ndicate that particle type and special particle characteristics might
e more important for lung tumor induction than the administered
article mass dose. With respect to 8-OH-dG there was  no clear
ifference between carbon black- and amorphous silica-exposed
nimals, irrespective of the higher mass dose used for Printex®
0 and the divergent inﬂammation and tumor data. This might
ndicate that 8-OH-dG is not the main oxidative DNA base lesion
n connection with Printex® 90 or that Printex® 90 induced less
xidative stress than expected. Interestingly, Totsuka et al. (2009)
emonstrated induction of G:C → C:G transversions at the gpt locus
n Printex® 90-treated gpt delta-transgenic mice, which could not
esult from an 8-OH-dG lesion. It is more likely that this type
f mutation resulted from other oxidative guanine modiﬁcations
uch as oxazolone, spiroiminodihydantoin, or guanidinohydantoin,
hich are thought to be the key molecules causing G:C → C:G.
urthermore, no 8-OH-dG-speciﬁc G:C → T:A transversions were
etected. Thus, the spectrum of oxidative DNA lesions may  differ
epending on particle type, and 8-OH-dG, the best characterized
xidative DNA lesion, is obviously not the only relevant one for
rintex® 90 dust.
In our study, PAR and -H2AX foci indicated also clastogenic
enotoxic events due to particle treatment. Interestingly, -H2AX
oci were also found in a rat-based silica-induced multistep lung
arcinogenesis model driven by inﬂammation. They were found
n early hyperplastic (preneoplastic) and advanced preneoplastic
egions of lungs and were still present in tumors, however, at a
educed number (Blanco et al., 2007). Gamma-H2AX was  always
o-localized with iNOS, pointing to RNS besides ROS as one cause of
utagenic DSB. The authors concluded that silica-induced chronic
nﬂammation leads to chronic exposure of alveolar lining cells to
OS and RNS, nitro(-oxidative) stress, and subsequent DNA damage
ith -H2AX formation and activation of a p53 response. The good
orrelations of some BAL markers for lung tissue damage, such as
DH release or total protein, with -H2AX as a marker for DSB might
ndicate a link between tissue damage and occurrence of profound
NA damage with mutagenic potential. If not adequately repaired,
SB may  lead to genomic instability, cell death, or cancer (Jeggo
nd Lobrich, 2007).
Comparing the mean group data on genotoxicity marker
xpression in alveolar lining cells with the group means of the
istopathology data from the carcinogenicity study, there were
omparable patterns for -H2AX and 8-OH-dG and thus induction
f DSB and oxidative DNA damage and tumor incidences (based on
he standard analysis procedure with one section per lung lobe).
here was also high correlation of the mean histopathologic inﬂam-
ation score three months after the ﬁrst particle instillation with
umor incidences in the carcinogenicity study part (see Kolling
t al., 2008, 2011), irrespective of the differences in the admin-
stered particle mass doses, thus providing a link between particle
xposure, particle-driven inﬂammation, induction of DNA damage,
nd lung tumor development.
. ConclusionsIn conclusion, the present study has demonstrated that
mmunohistochemical detection and quantiﬁcation of local geno-
oxicity in vivo in pulmonary alveolar lining cells by using
ppropriate genotoxicity markers is feasible, and identiﬁed -H2AXgy 303 (2013) 177– 186 185
and 8-OH-dG as sensitive genotoxicity markers that are able to
distinguish particles with different genotoxic potencies. In addi-
tion, their expression three months after the ﬁrst particle exposure
corresponded well with the inﬂammatory and ﬁnally carcinogenic
potential of the particles, and they might thus be sensitive predic-
tors of tumor development.
Furthermore, this study demonstrated that different genotoxic
events, especially induction of DSB and oxidative DNA base lesions,
seem to play an important role in particle-induced lung tumor
development at high particle doses. As data were obtained from
animals that had been treated intratracheally at high dose levels,
with total lung loads amounting to >3 mg/lung, strong and per-
sistent lung inﬂammation was  induced. Therefore, these results
cannot conclusively answer the question as to whether secondary
inﬂammation-dependent mechanisms only or also particle-speciﬁc
primary mechanisms of genotoxicity participate in lung tumor
induction by MNP. At severe particle overload in the lung, sec-
ondary mechanisms may  overwhelm and confuse potentially
existing primary genotoxic events, thus preventing a clear dis-
tinction between the different primary and secondary genotoxic
mechanisms.
Nevertheless, the present methodological approach might rep-
resent a promising option for future testing of the genotoxic modes
of action of particles (or also non-particulate compounds) in vivo in
the lung and, by adaptation of the method, in any type of relevant
tissue and, by double-labeling, also in speciﬁc target cells. Investiga-
tion of local genotoxicity could thus theoretically be integrated into
any subchronic toxicity study without the need for additional ani-
mals. Further research is needed, however, to conﬁrm the present
methodological approach with a broader range of compounds.
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